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Abstract  8 
We propose a back-reflecting scheme in order to enhance the maximum achievable current in one micron thick crystalline 9 
silicon solar cells. We perform 3-dimensional numerical investigations of the scattering properties of metallic 10 
nanostructures located at the back side, and optimize them for enhancing absorption in the silicon layer. We validate our 11 
numerical results experimentally and also compare the absorption enhancement in the solar cell structure, both with 12 
quasi-periodic and random metallic nanostructures. We have looked at the interplay between the metallic nanostructures 13 
and an integrated back-reflector. We show that the combination of metallic nanoparticles and a metallic reflector results 14 
in significant parasitic absorption. We compared this to another implementation based on titanium dioxide nanoparticles 15 
which act as a lambertian reflector of light. Our simulation and experimental results show that this proposed 16 
configuration results in reduced absorption losses and in broadband enhancement of absorption for ultra-thin solar cells, 17 
paving the way to an optimal back reflector for thin film photovoltaics.  18 
(1) Introduction 19 
Ultra-thin film (<5µm) and thin film (<100µm) crystalline silicon solar cells are promising solutions for the issue of high 1 
production costs of solar cells. Ultra-thin film (<5µm) cells, besides the cost-reduction advantage, offer various 2 
advantages like faster production, higher open circuit voltage1, and enhanced charge collection efficiency2  3 
However, with reduced thickness of the crystalline silicon (c-Si) layer, absorption decreases considerably due to the low 4 
absorption coefficient of c-Si (due to its indirect band gap); it requires ~1mm of cSi to completely absorb light of 1100nm 5 
wavelength and this results in low efficiency of thin film solar cells. Thus as we go towards thinner substrates, the 6 
importance of light trapping increases significantly. Currently, to address the problem of low light absorption in standard 7 
industrial solar cell structures (~ thickness 180 µm) solutions like Anti Reflection Coatings (ARC) and surface texturing at 8 
micron scale are used. Typical surface texturing has a feature size of 10-15 µm and around the same thickness of the 9 
material3 is lost, making it unsuitable for application in thin film and ultra-thin film solar cells. Some groups have 10 
proposed submicron surface texturing4, 5, 6, however this results in very high surface roughness and hence it enhances 11 
losses due to surface recombination. As for ARCs, they are not sufficient for increasing absorption in thin film cells, for 12 
they only enhance transmission by increasing the angle of light entering the substrate. But as the semiconductor layer is 13 
thin, light is not fully absorbed in one pass, and it needs to be redirected back to the semiconductor in an efficient manner. 14 
Ever since the path breaking work of Michael Faraday 7 on the problem of colour of colloidal gold solution, there has been 15 
growing interest in optical properties and behaviour of metallic structures at nanoscale. Noble metal nanostructures are 16 
known to support localized surface plasmon’s8, i.e. electromagnetic modes arising at the interface between a metal and a 17 
dielectric. This plasmonic behaviour arises due to the collective oscillation of confined conduction electrons with the 18 
incident electromagnetic wave. For structures having dimensions smaller than the wavelength of light impinging on them, 19 
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the conduction electrons start oscillating in phase, resulting in charge polarisation at the surface. This charge polarisation 20 
builds up a restoring force which sustains the resonance at specific wavelengths, giving rise to a resonantly enhanced field 21 
throughout the particle and also outside of it. This results in large scattering and absorption cross section of plasmonic 22 
metallic nanoparticles and enhances the electric field in the surroundings. The plasmonic behaviour, damping and 23 
strength of the plasmonic excitation, is a function of the shape, size, and material of the particle, of the dielectric function 24 
of the surrounding medium and nearby material9 and can thus be tuned to the desired spectral range. Incorporation of 25 
plasmonic metallic nanostructures has the potential to overcome the problem of light trapping in ultra-thin film solar cells 26 
by reducing reflection or by redirecting light towards silicon in efficient manner and is a widely studied field10, 11. Two 27 
main approaches applied for using the plasmonic particles depending on the cell architecture and material for solar cells 28 
are: 1) incorporating the plasmonic nanoparticles directly into the semiconductor layer, an approach which takes 29 
advantage of the near field enhancement12 and 2) using the plasmonic nanoparticle on the front or the back side of the 30 
solar cells, an approach which employs the resonant scattering property of plasmons along with their directional 31 
scattering property13.  32 
Earlier studies suggested that using plasmonic nanostructures at the front side of the solar cell results in a decrease in its 33 
energy-conversion efficiency 14, 15   . The reason attributed to this is that, for frequencies greater than the plasmon 34 
resonance of the metal nanoparticles, the destructive interference between transmitted and scattered electromagnetic 35 
wave results in Fano resonance, causing an increase in reflection16, 17  and hence reducing the external quantum efficiency. 36 
To avoid this loss, the trend has shifted from using the plasmonic nanostructure at the front to using them at the back, 37 
which uses preferential scattering properties. Preferential scattering phenomena arise when the near-field around the 38 
dipole interacts with the high-index surrounding. The closer the particle is to the high-index material, the larger the 39 
asymmetry is in the angular distribution of scattered light, thus enabling us to use the particles at the back side 40 
configuration and scatter light towards the semiconducting layer.  41 
 42 
In this study, we address both the problem of low light absorption in ultrathin substrates and of parasitic/Ohmic 43 
absorption in the flat metal back reflector. First, we optimize the back reflector architecture by employing metallic 44 
nanostructures that exhibit plasmonic characteristics, so as to scatter light back into silicon. We then replace the flat 45 
metallic back reflector (i.e. flat aluminum layer) by a dielectric back surface reflector for diffusively reflecting light back 46 
towards silicon, thus having the advantage of randomizing the direction of reflected light and also avoiding any parasitic 47 
absorption as in the case of the flat metallic back reflector.  48 
(2) Methods and Techniques 49 
(2. A) Structures chosen  50 
We use one-micron-thick epifree crystalline silicon (c-Si) layers on glass, developed in house18. This technology  gives the 51 
possibility of fabricating solar cells on exceptionally thin monocrystalline sililcon films19.  The silicon layer is bonded to a 52 
transparent superstrate after deposition of an antireflection coatingand contacting is therefore completely done through 53 
the rear.  54 
In order to isolate the effect of the back reflector, we first studied the effect of the plasmonic nanostructures on a minimal 55 
stack of silicon on glass with intermediate ARC. Once we studied its effect and optimized it for absorption enhancement, 56 
we extrapolated and adapted the optimal back reflecting structure to an active solar cell stack, with a 40nm SiNx 57 
antireflection coating and a back-side heterojunction emitter stack (amorphousSi and ITO 19).  58 
In each case, we use as a reference the planar structure (either silicon alone or the cell stack) with an aluminum metal 59 
reflector directly deposited on the back, as shown in Figure 1. 60 
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 61 
Figure 1: Reference structure with ARC and aluminium layer as back reflector 62 
The scattering cross section of the plasmonic nanostructure is maximum at its plasmonic resonance frequency. But when 63 
an array of particles is considered, the term scattering cross section for a plasmonic structure is not valid, as the  64 
interactions of the particles’ plasmonic modes with nearby particles change the overall behavior and broaden the plasmon 65 
resonance region. As our objective is to enhance absorption in silicon throughout the whole spectrum, we do not study 66 
specifically the resonance region. 67 
Because of their low surface coverage, the plasmonic nanostructures do not reflect all of the light reaching the back side of 68 
the stack and therefore need to be assisted by a back full surface reflector. Therefore, in addition to the plasmonic 69 
structures we consider a full aluminum layer or a coating of TiO2 nanoparticles to be used as back surface reflectors. Both 70 
structures are described below. 71 
(2A-1) Back reflector scheme with plasmonic nanoparticles and full metal layer 1 
We use plasmonic metallic nanostructures to scatter the light, which is not absorbed in one pass, back towards the silicon, 1 
thanks to their preferential scattering characteristic. Silver was chosen as the material for plasmonic nanostructures 2 
based on the fact that it is less absorbing and has the plasmonic resonance in the desired wavelength range20, 21. We 3 
choose silver nanodisks as a plasmonic nanostructure due to their higher scattering cross section 17. The plasmonic back 4 
reflector scheme consists of a SiO2 spacer layer adjacent to silicon, followed by a random or quasi periodic array of silver 5 
nanodisks, a SiO2 capping layer and an aluminum coating as a back surface reflector (shown in Figure 2(a)).  6 
(2A-2) Back reflector scheme with plasmonic and dielectric nanoparticles  1 
A dielectric material with a high refractive index strongly reflects light, so we choose a titanium dioxide (refractive index 2 
~2.73) nanoparticle coating as an alternative to an aluminum back surface reflector, taking advantage of both its good 3 
scattering and reflective properties22. Since simulating a back reflector scheme with densely packed dielectric 4 
nanoparticles of different sizes is not practical, we compare experimentally our concept of dielectric nanoparticle coating 5 
as shown in Figure 2(b) with an aluminum layer, to be used as a back surface reflector for the  back reflector scheme with 6 
plasmonic nanostructures.  7 
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 (a)                       (b)  8 
Figure 2: (a) Optical stack with plasmonic back reflector scheme in presence of (a) aluminium layer (b) dielectric 9 
nanoparticle coating, as back surface reflector. The red dashed lines in (a) shows the placement of monitors(in 3D 10 
simulations)  for measuring absorption in different layers.  11 
(2 B) Fabrication & Characterisation techniques 12 
(2B-1) Fabrication of the 1µm-c-Si on glass with intermediate ARC 13 
The 1-µm-thin c-Si films coated with a thin layer of SiNx are fabricated by a layer-transfer process and are bonded on a 14 
glass carrier20. The c-Si film is first formed by the empty-space-in-silicon-technique23 which consists of annealing above 15 
1000 °C a wafer patterned with an array of cylindrical macropores that close, and eventually all merge to form a thin 16 
overlaying film. In the present work, the thin film was formed by annealing at 1130 °C under 1 atm of H2. After annealing, 17 
the suspended film was coated by a 40-nm layer of SiNx formed by PE-CVD. It was then anodically bonded to a glass 18 
substrate by applying 1000 V at 320 °C. Finally, the film was detached from its parent wafer by pulling softly.  19 
As we had to adapt the fabrication flow 19 in order to be able to process the rear side, the front side ARC had to be set 20 
between the glass substrate and the thin silicon layer, leading to difficulties in controlling its thickness, which is 21 
influenced by the bonding step. This thickness inaccuracy impacts the short wavelength part of the various measured 22 
spectra. However, as the part of the spectrum of interest for the back side reflector is here at wavelengths > 500nm, the 23 
ARC non-homogeneity does not interfere with the phenomena we are studying. 24 
(2B-2) Fabrication of quasi periodic silver nanodisks  25 
The quasi periodic arrays of silver nanodisks have been fabricated by hole-mask colloidal lithography (HCL)24. A typical 26 
nanodisks arrangement exhibits short-range order, but no long-range order, as can be seen in Figure 3(a). 27 
(2B-3) Fabrication of random arrays of silver nanoparticles 28 
Random arrays of silver nanoparticles were fabricated based on the coalescence of a thin metal film. A Ag film of thickness 29 
~14nm was deposited on an optical stack with the SiO2 spacer layer already deposited and then annealed for 90 minutes 30 
under N2 atmosphere at 2200 C. Annealing under the above-mentioned conditions results out of thermal stress in the 31 
formation of a random array of silver nanoparticles, as shown in the Scanning Electron Microscopy (SEM) image in Figure 32 
3(b). The size distribution is broader than for the HCL technique25.  33 
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(a) (b)   34 
Figure 3: SEM image of [a] the quasi periodic array of nanodisks fabricated by HCL and [b] the random array of Ag 35 
nanoparticles formed by thermal annealing of a Ag film on the optical stack. 36 
(2B-4) Fabrication of the dielectric nanoparticles coating  37 
The dielectric nanoparticles coating was fabricated by dispersing TiO2 nanoparticles (combination of particles sizes of 38 
405nm, 320nm and 220nm) in propylene glycol methyl ether acetate. After dispersion, the solution was dip coated on the 39 
sample and annealed for 20min at 600C. The coating on the glass slide was used for comparing the reflection with the 40 
aluminum layer (also deposited on glass). For using in conjugation with the plasmonic nanoparticles, this coating was 41 
mechanically stacked on the backside of the structure. 42 
(2B-5) Characterisation  43 
We first characterized the particles by SEM in order to check their size and spatial distribution.  We then optically 44 
characterized the samples, allowing the deduction of the reflectance spectra of the various back reflectors studied, as well 45 
as the various stacks. We measured transmittance as well when relevant. These two measurements allow us to deduce the 46 
absorption spectra. We used there an integrating sphere, which sums the reflection signal in the whole half space in front 47 
of the sample. The light incident on the sample was scanned from 400 to 1200nm of wavelength, corresponding to the 48 
limits given both by the solar spectrum and silicon’s absorption range. 49 
(2 C) Simulation setup  50 
We chose the Finite difference time domain26 (FDTD) method and used a commercially available package: Lumerical 51 
FDTD solution27, for simulating the optical behavior of our solar cell stack. Three Dimensional (3-D) simulations were 52 
performed by using periodic boundary conditions in x and y dimensions to replicate the actual sample. Perfectly matched 53 
layer (PML) boundary conditions were used in the direction of propagation of light i.e. in z dimension, in order to account 54 
for the case that the light which is not absorbed by the structure is not reflected back in the simulation region. For high 55 
accuracy and detailed insight on the effect of parameters on the absorption throughout the chosen spectrum, the 56 
simulations were performed from 300nm to 1200nm with a wavelength step of 0.9nm. The refractive index values for 57 
silicon, silver, silicon di-oxide and aluminum were taken directly from Lumerical database, whereas the refractive index of 58 
silicon nitride was measured using ellipsometry.  59 
For calculating the absorption in any specific layer, the monitors were placed at the start and end of the layer (as shown 60 
by red dashed lines in Figure 2(a)). By calculating the difference in the amount of light entering and exiting the layer, we 61 
measured the absorption in that specific layer. Since a metal back surface reflector is present after the plasmonic back 62 
reflecting scheme, no light is crossing the simulation region in the +z dimension, and all of the light that is not absorbed is 63 
reflected back. The absorption in the whole structure is calculated by subtracting the data collected from the motor placed 64 
before the source (as shown in Figure 2), from the amount of light falling into the substrate. This arrangement of monitor 65 
placement allows us to measure the absorption in the structure qualitatively and thus can be used to calculate it in any 66 
given layer.  67 
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The scattering behavior of the plasmonic nanostructure is a function of the distance of the particle from the high index 68 
medium (spacer layer), the dielectric function of the surrounding and nearby medium (material in which the particle is 69 
embedded), as well as the shape and size (height and diameter) of the nanoparticle itself. The resonance wavelength is 70 
also affected by interparticle spacing between nanodisks, which in the case of HCL samples is defined by electrostatic 71 
repulsion between charged colloidal beads 24. Looking at the characteristic interparticle distances from Figure 3(a), and 72 
from the fact that using a period below 400nm results in very insignificant light trapping (as no light couples with silicon’s 73 
higher order diffraction modes28), we choose 400nm to be the interparticle spacing and optimized the other parameters. 74 
All of these parameters (shown in Figure 4) were optimized for maximizing absorption by the silicon layer. 75 
 76 
 77 
Figure 4: Parameters of the back reflector scheme optimised in this study. 78 
The enhancement in absorption in silicon does not translate equally in an improved Jsc (short circuit current), as the 79 
incident solar spectrum is not flat and the energy of photons decreases with an increase in wavelength. To have  80 
qualitative insights on the effect of incorporation of the plasmonic back reflector scheme in the thin film cells, absorption 81 
is integrated over the AM1.5 solar spectrum so as to calculate the Jsc of the device using the equation below  82 
(1) 83 
where q is the elementary charge, ⅄ is the wavelength, h is the Planck constant, c is the speed of light, QE is the quantum 84 
efficiency (collection efficiency in our case, as we are calculating absorption in the silicon layer only), S is the weighted 85 
sun spectrum (AM1.5 spectral irradiance) and A is the absorption in the material. Considering the collection efficiency in 86 
the silicon layer as unity i.e. assuming that every absorbed photon produces one charge-carrier pair, the maximum 87 
achievable current Jscmax is calculated and is used as figure of merit for optimizing the parameters for the plasmonic back 88 
reflector.  89 
(2C-1) Validation of simulations  90 
Minor inconsistencies between simulation and experiments can arise both in the trend and absolute value of the 91 
parameter under investigation due to various reasons. One of these is the fact that simulations consider a coherent light 92 
source whereas the real coherence length is limited to a few microns. Secondly, the refractive indices of the materials 93 
were taken from Lumerical’s data base, which can sometimes slightly differ from real values. Thirdly, the roughness of the 94 
surfaces and interfaces determines their reflection; in simulation we choose perfect and flat surfaces, which is of course 95 
not the case experimentally. Finally, experiments always carry a certain degree of uncertainty in the thickness of the 96 
deposited material.  Considering all these factors, before utilizing the simulations for studying and optimizing the 97 
parameters for back reflector schemes, we compare the results of simulations with the experiments to ascertain the 98 
degree of inconsistency. We choose two structures for the validation of simulations. The first structure consists only of a 99 
1µm thin c-Si layer on glass while the second structure is a 1µm thin c-Si layer on glass with an aluminum back reflector. 100 
Despite the various factors that can result in any difference between the simulation and experimental data, our simulation 101 
results are within acceptable limits, as can be seen from the comparison in Figure 5(a) and 5(b). We attribute the slight 102 
discrepancies, mainly noticeable at short wavelength, to the error on the refractive index data which was input into the 103 
model, but. as this wavelength range is not our target, this will not impact our results. 104 1200
max
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  (a)  (b)  105 
 106 
Figure 5: Comparison of experimental and simulation results for the absorption in the structure consisting of (a) Silicon  on 107 
glass (b) Silicon on glass with aluminium as back surface reflector . 108 
 (3) Simulation results and discussion  109 
We scan hereafter the various relevant parameters of the plasmonic back reflector and extract a set of optimised 110 
parameters. 111 
 (3 A) Optimization of plasmonic back reflector design with metal layer at the back 112 
The dimensions of the nanodisks (height and diameter), the distance of plasmonic nanodisks from silicon (spacer layer), 113 
and the distance between the aluminum and the nanodisks (capping layer) (Figure 4)) were scanned individually within 114 
300-1200nm wavelength range for maximizing the figure of merit, i.e. the maximum achievable current. The absorption in 115 
the silicon layer was extracted for various values of parameters and Jscmax was calculated and compared. Spacer thickness 116 
of 13nm, diameter of 205nm, height of 55nm and capping layer 110nm thick were chosen as starting parameters based on 117 
extrapolation of previous studies performed for the nanodisks situated at the front 16, 29, and earlier calculations carried 118 
out for nanodisks situated at the back30. A first rough scan was performed, followed by a finer one, and results are 119 
presented here below. 120 
(3A-1) Optimization of the capping layer:  121 
The capping layer thickness influences the Fabry–Pérot (FP) cavity resonances, which are standing waves between the 122 
silicon surface and the metal back reflector. Depending on the (spectral and spatial) positions of the minima and maxima 123 
of the field it can enhance the absorption in the particles and the aluminium film or enhance the scattering efficiency of 124 
the  metallic nanodisks. The ideal thickness cannot be chosen by considering only the FP modes, because the presence of  125 
particles strongly enhances the electric field in the region and thus changes the overall behaviour, which is why we do not 126 
split the thickness study of the back dielectric layer from the NPs study. The thickness of the spacer was kept constant at 127 
13nm while the capping layer thickness was scanned form 100nm to 560nm, with a step of 20nm. The upper limit of 128 
560nm was chosen in order to ensure the scanning of at least a free spectral range between the ground mode and the next 129 
resonance. A fine tuning was done near the values of thicknesses which gave maximum Jscmax enhancement. From the Jscmax 130 
curve shown in Figure 6(a), 210nm of capping layer scatters the light into silicon most effectively and gives a Jscmax value 131 
of 24.76mA/cm2. 132 
(3A-2) Height of the nanodiscs 133 
When the disks are too thin there is a high parasitic absorption and when they are too thick, the plasmonic resonance 134 
wavelength for dipole oscillations red shifts and higher order modes appear at lower wavelengths31. The thickness of the 135 
nanodisks was scanned from 20nm to 70nm, for every 10nm, while keeping the thickness of the capping layer constant at 136 
210nm. We observe that by decreasing the height of nanodisks below 50nm, it decreases the scattering efficiency. 137 
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Increasing the thickness of the nanodisks results in blue shifting of their surface plasmon resonance (SPR) frequency. A 138 
50nm height of nanodisks scatters the light into silicon most effectively and gives a Jscmax value of 25.01mA/cm2. 139 
(3A-3) Diameter of the nanodiscs:  140 
The diameter of silver nanodisks was scanned from 100nm to 300nm for every 20nm, keeping their thickness constant at 141 
50nm, and the thickness of the capping the layer at 210nm. Decreasing the diameter below 100nm increases the Ohmic 142 
absorption rapidly as the particle size becomes too small with respect to the wavelength of incident light. For the particles 143 
with bigger diameter (~300nm), the resonance shifts away from the desired part of the spectrum31. A 200nm diameter of 144 
nanodisks scatters the light into silicon most effectively and gives a Jscmax value of 25.27mA/cm2. 145 
(3A-4) Optimization of spacer layer:  146 
With a thin spacer layer, the effect of silicon on the scattering properties of the plasmonic nanostructures will be 147 
maximum as, the closer the structure is to the high index medium, the higher is the effect on the homogeneity of its 148 
surrounding and hence on the preferential scattering properties.  The effect of the spacers thickness was studied on the 149 
structure from 0nm (i.e. nanodisks directly on the silicon) to 60nm, for every 5nm. The upper limit of 60nm was chosen 150 
keeping in mind that after a few tens of nanometers the effect of a nearby high index material on the scattering properties 151 
of the nanostructures decreases significantly, thus having negligible effect in the scattering pattern.  A second scanning of 152 
thickness was done near the values which gave the highest Jscmax values. A 10 nm of spacer layer results in the highest 153 
enhancement in the silicon layer with Jscmax value of 25.43mA/cm2. After the spacer thickness of ~20nm, silicon’s ability 154 
to modify the surrounding environment around the plasmonic particle starts decreasing and keeps on decreasing as the 155 
plasmonic nanostructure moves away from silicon. Another reason is the evanescent nature of the surface Plasmon field, 156 
which decreases very rapidly from the surface of the nanoparticle. Thus the further the nanoparticle is from silicon, the 157 
weaker is the coupling of the enhanced field into the silicon. This can be seen from the decrease in the Jscmax values for the 158 
values higher than 20nm in Figure 6(d).32   159 
(a)  (b)  160 
(c)  (d)  161 
Figure 6: Jscmax values in function of various parameters (a) Thickness of capping layer (b) Height of Nanodisk (c) Diameter of 162 
nanodisks (d) Thickness of spacer 163 
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(3A-5) Summary of the parameter study and discussion 164 
We were able to achieve significant broadband enhancement, illustrated in Figure 7(a) that shows the comparison of 165 
absorption in silicon between the structure with the optimized back reflector scheme and the reference structure. 166 
The Jsc max is increased from 13.6 mA/cm2   for the reference structure without ARC, and from 15.86 mA/cm2 for the 167 
reference structure with ARC, to 25.43 mA/cm2 for the structure with the optimised back reflector scheme and an ARC, 168 
which amounts to ~60.3% AM1.5 photon absorption enhancement in silicon. We also compare the absorption 169 
enhancement in the silicon layer by comparing the number of photons absorbed from the real AM1.5 solar spectrum 170 
(Figure 7b); this gives both a qualitative and a quantitative aspect of absorption enhancement. 171 
 172 
Figure 7:(a) Integrated absorption in silicon with optimized back reflector (black) and reference structure (red). (b) Number 173 
of photons absorbed in the silicon layer in the reference structure (red) and in the optimised plasmonic solar cell structure 174 
(blue). The black curve shows the number of photons present at AM1.5 conditions. 175 
By comparing the red curve (optical stack with optimized plasmonic back reflector scheme) with the blue curve 176 
(reference solar cell structure), we clearly see that there is broadband enhancement in absorption throughout the 177 
spectrum, especially from ~550nm to 1100nm.  178 
(3 B) Absorption in metal back reflector 179 
There is always a significant parasitic/Ohmic absorption (light which is absorbed by the structure and does not result in 180 
charge carrier generation), both in the plasmonic nanostructures and the metal layer which is used as back surface 181 
reflector. We cannot avoid the parasitic absorption in our plasmonic nanodisks beyond a certain limit as we have already 182 
optimized the parameters to maximize the useful absorption. But we can still minimize parasitic absorption in the 183 
aluminum layer that is used as flat back reflector layer.  We can quantify this absorption in the aluminum layer in 184 
combination with the plasmonic nanostructures. The parasitic absorption in the presence and absence of the flat 185 
aluminum back reflecting layer is compared in Figure 8(a).  We clearly see a high amount of absorption in the system 186 
combining nanodisks and aluminum layer as back surface reflector. This suggests that the presence of the aluminum layer 187 
may enhance the parasitic absorption in the plasmonic nanoparticles, via coupling of the exponentially decaying field of 188 
the metal film with the Plasmon modes of the nanoparticles embedded in dielectric33. To have further insight, we compare 189 
the absorption in the nanodisks in presence and absence of a flat aluminum layer, as shown in Figure 8(b).  We also 190 
quantify the absorption in the aluminum layer alone as shown in Figure 8(c). 191 
The comparisons clearly show that there is almost no enhancement of the parasitic absorption in the plasmonic silver 192 
nanodisks by adding the flat aluminum layer. The major fraction of the light in the wavelength range of 550-850nm is lost 193 
due to the parasitic absorption in the flat aluminum layer. Essentially, what happens is that the nanoparticles scatter light 194 
to the region with the largest photonic density of states (or the largest index). Silicon has a large index, but the surface 195 
plasmons on the Al surface also have a large effective index. The closer we put the Al to the particles, the more effective 196 
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the coupling between the particles and the Al layer. Which explains that the extra absorption will take place in the Al, not 197 
in the Ag particle. If we can avoid this loss and redirect this light into the silicon, we will considerably enhance absorption 198 
in silicon. 199 
(a)  (b)  (c)  200 
Figure 8: (a) Parasitic absorption in the presence (black) and absence (red) of aluminium layer but always with 201 
nanoparticles on the back, (b) absorption in the silver nanodisks in presence (black) and the absence (red) of aluminum layer, 202 
(c) absorption in the aluminum mirror in presence of silver nanodisks.  203 
(3B-1) Replacing aluminium with perfect metal boundary  204 
We now simulate the structure with an optimized back reflector scheme and replace the aluminum layer by a perfect 205 
metal (using metal as boundary condition in +z direction). This metal boundary condition means 100% reflection and no 206 
parasitic absorption. This allows giving an idea of the possible gain which would be brought by a non-absorbing reflector 207 
behind the nanoparticles. Figure 9 compares absorption in silicon with the aluminum layer and with a perfect metal (non-208 
absorbing) layer as back surface reflector. 209 
 210 
Figure 9: Absorption in silicon with a perfect metal (black) and an aluminium layer (red) on the back. 211 
As there is no absorption in a perfect metal, the light which was previously lost because of these parasitic absorption in 212 
aluminium is sent back towards silicon, hence increasing absorption in the silicon layer. One can see that this happens at 213 
the plasmonic resonance, which corresponds to the maximum in parasitic absorption in the metal stack (see Fig. 8 a and 214 
c) The structure with the optimised back reflector scheme with a perfect reflector gives a Jscmax of 26.9mA/cm2, whereas 215 
with an aluminium layer as back surface reflector the Jscmax is 25.43mA/cm2. Thus by using a perfect metal as back 216 
surface reflector with plasmonic nanoparticles we were able to further enhance the maximum achievable current by 217 
~69.6%. In practice, the best way to approach an ideal metal reflector is to use a multilayer dielectric Bragg reflector, as 218 
further discussed in the experimental part. 219 
 220 
 221 
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 225 
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 228 
 229 
 230 
 231 
Table: 1 Best currents opbtained 232 
(4) Experimental results and discussion 233 
(4-1) Experimental characterisation of the numerical optimal 234 
After validation of our model with the reference optical stack (Section 2C-1), we now validate our simulations for the 235 
plasmonic back reflector scheme.  We fabricated the plasmonic back reflector scheme on the back side of a 1µm thin c-Si 236 
layer with nanodisks of height 50nm, ~ 200nm diameter, ~15nm spacer and capping 100nm. The absorption in the 237 
structure was compared with the simulated results, shown in Figure 10.  238 
  239 
Figure 10: Comparison of absorption in the structure with the plasmonic back reflector scheme without a metal layer at the 240 
back; simulations (red), experiment (black). 241 
Simulation and experiments are in good agreement. The difference at short wavelengths in the experimental and 242 
simulation data can reasonably be attributed to the previously discussed refractive index discrepancy. Another major 243 
factor is that in the simulations, the interparticle spacing was fixed to be 400nm, while in the experiment it varies with 244 
±20nm (as seen in Figure 3(a)), this yields sharper resonances in the red part of the simulated spectrum. 245 
Structure Jscmax (mA/cm
2
) 
Reference 15.9 
Reference with ARC 18.4 
Structure with ARC and optimised back surface 
reflector 
26.9 
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(4-2) Beyond the numerical optimal: using dielectric nanoparticles coating as a back reflector 246 
Absorption in the aluminum layer in the back reflector scheme is significant and is highly undesirable as it lies mainly in 247 
the wavelength region of interest. In order to overcome this, we have seen previously that a perfect metal would be ideal, 248 
although of course not available. However, a flat reflector, ideal or not, can have the drawback of enhancing the coupling 249 
between the Fabry-Pérot cavity and the plasmon modes which is the cause of this high absorption in the back reflector, as 250 
can be seen from Figure 8(c).  Therefore beyond having an ideal reflector, a loss of coherence would help avoiding any 251 
interference and therefore any kind of coupling between the light reflected by the back reflector and by the plasmonic 252 
behavior of the nanostructures. This can be achieved if the reflection from the back surface reflector is not specular but 253 
diffuse. Therefore, we propose to replace the metal layer in the back reflector scheme by a coating of dielectric 254 
nanoparticles which will scatter back light thanks to Mie scattering34, as shown in Figure 2(b). For diffused scattering of 255 
light throughout the spectrum, we chose a combination of three different particle sizes of titanium dioxide i.e. 405nm, 256 
320nm and 220nm in order to achieve scattering on a broad spectral range.  257 
 258 
Figure 11: Comparison among difference components of reflection from the Aluminium layer (black) and the dielectric 259 
nanoparticle coating (red) (a) Full reflection, (b) Specular part of reflection, (c) Diffuse part of reflection. 260 
From Fig.11 we see that the dielectric nanoparticles coating scatters ~ 80% of the reflected light compared to ~10 % for a 261 
flat metallic back reflector, thanks to the lambertian nature of the reflection profile. Thus it is very effective in 262 
randomising the direction of light that is reflected back into the silicon and should enhance absorption as compared to the 263 
aluminium layer. The fact that the reflected light is diffuse is expected to avoid any coupling between the plasmon 264 
resonance and cavity modes between the silicon and the flat metallic back surface reflector. 265 
(4-3) Experimental comparison of optimized back reflection schemes  266 
We fabricated the cell stack with an optimized back reflector scheme, following the simulations presented, for optical 267 
characterization. We chose to fabricate this optical demonstrator with indium tin oxide (ITO) surrounding the metal 268 
nanoparticles instead of SiO2,keeping in mind the future need for contact formation in actual devices.   269 
The various parameters of the back reflecting stack are aimed to correspond to the results of the numerical optimisation 270 
within the experimental uncertainties. We tried two sets of nanoparticles: quasi-periodic and random plasmonic 271 
nanoparticles. The particles fabricated by the HCL process have a diameter of ~200nm and an inter-particle distance of ~ 272 
400nm, while the particles fabricated by an anneal step have a broad size distribution. Figure 12 compares the absorption 273 
for the structure without any back reflector (which will from now be used as a reference), the structure with aluminum 274 
back-reflector, the structure with quasi-periodic nanoparticles, and finally with random nanoparticles.  275 
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 276 
Figure 12: Absorption in the optical stack with ARC; (black) Silicon only, (blue) Silicon with HCL grown nanodisks only, (red) 277 
Silicon with thermally grown nanoparticles only (green) Silisonc with a flat Al back reflector. 278 
Absorption measurements in the structure without back surface reflector show expected results. The stacks with 279 
nanoparticles on the back show an enhanced absorption, thanks both to the scattering and reflective behavior of the 280 
nanoparticles. The higher absorption in the stack with fully random (annealed) particles can be attributed both to the 281 
higher surface coverage (as can be seen on Figure 3(b)) and to the broader scattering region due to the broader size 282 
distribution. The difference in absorption in wavelength below 500nm is due to the difference in thickness of ARC due to 283 
experimental errors as explained above, and not related to the back-reflector. 284 
In order to demonstrate the scattering character of the plasmonic particles, and to differentiate it from a simple reflector 285 
with a partial surface coverage, we proceed in two ways: 286 
1. We add a metallic planar back reflector on the back of the planar structure without nanoparticles (green curve in 287 
Fig. 12) and compare it with the structures with the nanoparticles. One can observe that the absorption of the 288 
planar structure is enhanced thanks to a doubling of the optical path length of the red and near-infrared photons, 289 
causing a proportional enhancement of the absorption in this spectral range. On the other hand, the structures 290 
with nanoparticles show a non-constant increase of absorption showing a scattering resonance acting mainly in 291 
the red-near-infrared spectral region.  292 
2. We showed above the matching of the experimental and simulated optical properties of the structure with 293 
nanoparticles. The latter shows that having metal nanoparticles on the back helps further enhancing the 294 
absorption of a silicon active layer. This confirms that our fabricated nanoparticles are behaving as the simulated 295 
nanoparticles and not as a planar back reflector. 296 
 297 
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 298 
Figure 13: Absorption in optical stack in Silicon only (black), with random plasmonic nanostructure (red) and with quasi 299 
periodic plasmonic nanodisks (blue). In all cases detached aluminium is used as back surface reflector. 300 
In order to avoid transmission losses we have proposed to add an aluminum layer as back surface reflector on the back of 301 
the nanoparticles. Again, absorption measurements show as expected, in Figure 13, that absorption in the structure is 302 
highest for the case with random nanoparticles, then for quasi periodic nanoparticles, and minimum for the reference 303 
structure. 304 
As we showed in the simulation section above that there is some absorption in the metals, and in particular in the Al 305 
mirror, and showed then the potentialities of a back reflector based on dielectric nanoparticles, we now compare the 306 
previous structures with a stack having the dielectric nanoparticles coating as back reflector. We obtain a similar result, 307 
with a smaller difference between the two kinds of nanoparticles. It is thus likely that part of the supplementary 308 
absorption in the case of the annealed random particles was due to enhanced parasitic absorption in the back reflector.  309 
The dielectric nanoparticles coating is known to be a lambertian scatterer. Fig 14 shows the absorption of the stack with a 310 
simple TiO2 back reflector and then with the metal nanoparticles sandwiched between the TiO2 and the silicon. The 311 
presence of the metal NPs further enhances absorption in silicon, showing that they scatter light beyond the lambertian 312 
pattern. 313 
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 314 
Figure 14: Absorption in optical stack in Silicon only (black), with random plasmonic nanostructure (red) and with quasi 315 
periodic plasmonic nanodisks (blue). In all cases a dielectric nanoparticles coating is used as back surface reflector. 316 
We finally compare the performances of the various optimized back reflectors: simple metal, nanoparticles with metal 317 
back reflector, and metal nanoparticles with a dielectric nanoparticles back reflector. One can see that the overall 318 
absorption of the structure is the highest with the last combination (a stack of dielectric and metallic nanoparticles), 319 
whereas we have shown in this study that the absorption of the dielectric nanoparticles is negligible. This means that the 320 
optimal stack that we deduced in simulation is indeed further improved by the use of a scattering dielectric back reflector. 321 
 322 
Conclusion 323 
We studied the effect of plasmonic nanoparticles shape, size and embedding materials on their scattering behavior. We 324 
then optimized a complete solar cell back reflector scheme by combining plasmonic and dielectric nanoparticles and were 325 
able to achieve 69.6% of Jscmax enhancement in simulations when comparing to a typical stack with a planar back reflector 326 
and a back reflector with plasmonic and dielectric nanoparticles. We can safely conclude based on simulations, and 327 
experimental validation of our simulations, that incorporation of nanodisks of optimized parameters in the back reflector 328 
scheme, along with a perfect reflector as back surface reflector, results in broadband absorption enhancement in ultra-329 
thin c-Si layer. The optimized structure has a spacer thickness of 10nm, silver nanodisks of height 50nm, diameter 200nm, 330 
and capping layer of thickness 210nm. We also show that using a dielectric-nanoparticles coating as back reflector further 331 
enhances scattering from the plasmonic back reflector and also avoids any parasitic absorption loss, and should therefore 332 
be preferred to a metallic back reflector. We believe that this work paves the way to having an optimal back reflecting 333 
scheme for thin c-Si PV cells.  334 
Acknowledgements 335 
This work was performed in the frame of the European FP7 project PRIMA grant agreement number 248154. The authors 336 
would like to acknowledge fruitful discussions with Sven Leyre (Katholieke Hoge School Ghent). 337 
References 338 
           Tuesday, March 19, 2013 
   
    Page 16 of 18 
 
                                                          
1
 Green, M.A.; , "Limits on the open-circuit voltage and efficiency of silicon solar cells imposed by intrinsic Auger 
processes," Electron Devices, IEEE Transactions on , 31, 671- 678, (1984) doi: 10.1109/T-ED.1984.21588 
2
 Hans J Queisser, Photovoltaic conversion at reduced dimensions, Physica E: Low-dimensional Systems and 
Nanostructures, 14 (2002), Pages 1-10, ISSN 1386-9477, 10.1016/S1386-9477(02)00353-3. 
3
 Campbell, Patrick; Green, Martin A.; , "Light trapping properties of pyramidally textured surfaces," Journal of 
Applied Physics ,62, pp.243-249, Jul 1987 doi: 10.1063/1.339189 
4
 Sai, H., Kanamori, Y., Arafune, K., Ohshita, Y. and Yamaguchi, M. (2007), Light trapping effect of submicron 
surface textures in crystalline Si solar cells. Prog. Photovolt: Res. Appl., 15: 415–423. doi: 10.1002/pip.754 
5
 Gordon, I., Carnel, L., Van Gestel, D., Beaucarne, G. and Poortmans, J. (2007), 8% Efficient thin-film 
polycrystalline-silicon solar cells based on aluminum- induced crystallization and thermal CVD. Prog. Photovolt: 
Res. Appl., 15: 575–586. doi: 10.1002/pip.765 
6
 Christos Trompoukis, Ounsi El Daif, Valerie Depauw, Ivan Gordon, and Jef Poortmans, Photonic assisted light 
trapping integrated in ultrathin crystalline silicon solar cells by nanoimprint lithography, Appl. Phys. Lett. 101, 
103901 (2012), DOI:10.1063/1.4749810 
7
 M.Faraday, On the color of Colloidal gold”, Phil. Trans. R. Soc. London, 147, 145-181 (1857) 
8
 Mie, Gustav - Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen, Ann. Phys. 330,  1908 
9
 U. Kreibig and M. Vollmer. Optical properties of metal clusters. Springer-Verlag, Berlin, Heidelberg, 1995 
10
 K. Catchpole and A. Polman, "Plasmonic solar cells," Opt. Express  16, 21793-21800 (2008) 
11
 Catchpole, K. R.; Polman, A.; , "Design principles for particle plasmon enhanced solar cells," Applied Physics 
Letters , 93, 191113-191113-3, Nov 2008 doi: 10.1063/1.3021072 
12
 Bjoern Niesen, Barry P. Rand , Pol Van Dorpe , David Cheyns, Honghui Shen , Bjorn Maes , and Paul Heremans; 
Near-Field Interactions between Metal Nanoparticle Surface Plasmons and Molecular Excitons in Thin-Films. Part I: 
Absorption, J. Phys. Chem. C, Article ASAP  DOI: 10.1021/jp305892e 
13
 Jerome Mertz, "Radiative absorption, fluorescence, and scattering of a classical dipole near a lossless interface: a 
unified description," J. Opt. Soc. Am. B 17, 1906-1913 2000 
14
 O. El Daif, L. Tong, B. Figeys, S. Jain, V. D. Miljkovic, V. Depauw, D. Vercruysse, K. Van Nieuwenhuysen, A. 
Dmitriev, P. Van Dorpe, I. Gordon and F. Dross Silver nanodiscs for light scattering in thin epitaxial silicon solar 
cells: influence of the disc radius Mater. Res. Soc. Symp. Proc. Vol. 1391 2012 DOI: 10.1557/opl.2012.527 
15
 Harry A. Atwater & Albert Polman, Plasmonics for improved photovoltaic devices, Nature Materials  9, 205–213 
(2010) doi:10.1038/nmat2629 
16
  P. Spinelli, M. Hebbink, R. de Waele, L. Black, F. Lenzmann, and A. Polman, Optical impedance matching using 
coupled plasmonic nanoparticle arrays, Nano Lett., 2011, 11 (4), pp 1760–1765 DOI: 10.1021/nl200321u  
 
17
 E. T. Yu ; D. Derkacs ; P. Matheu ; D. M. Schaadt; Plasmonic nanoparticle scattering for enhanced performance of 
photovoltaic and photodetector devices. Proc. SPIE 7033, Plasmonics: Nanoimaging, Nanofabrication, and Their 
Applications IV, 70331V (2008); doi:10.1117/12.798327. 
 
           Tuesday, March 19, 2013 
   
    Page 17 of 18 
 
                                                                                                                                                                                                                
18
 Depauw, V., Qiu, Y., Van Nieuwenhuysen, K., Gordon, I. and Poortmans, J. (2011), Epitaxy-free monocrystalline 
silicon thin film: first steps beyond proof-of-concept solar cells. Prog. Photovolt: Res. Appl., 19: 844–850. doi: 
10.1002/pip.1048 
19
 Valérie Depauw et.al. Large-area monocrystalline silicon thin films by annealing of macroporous arrays: 
Understanding and tackling defects in the material, J. Appl. Phys. 106, 033516 (2009); 
http://dx.doi.org/10.1063/1.3183942 
20
 Ru, E. L.; Etchegoin, P. Principles of Surface Enhanced Raman Spectroscopy; Elsevier: Oxford, U.K., 2009. 978-
0-444-52779-0 
 
21
 Rycenga, M. et al. Controlling the synthesis and assembly of silver nanostructures for plasmonic applications. 
Chem. Rev. 111, 3669–3712 (2011) 
22 Olaf Berger, Daniel Inns, Armin G. Aberle “Commercial white paint as back surface reflector for thin-film solar 
cells” Solar Energy Materials & Solar Cells 91 (2007) 1215–1221. 
23
 Tsutomu Sato et.al. Fabrication of Silicon-on-Nothing Structure by Substrate Engineering Using the Empty-Space-
in-Silicon Formation Technique, Jpn. J. Appl. Phys. 43 (2004) pp. 12-18 
24
 Fredriksson, H., Alaverdyan, Y., Dmitriev, A., Langhammer, C., Sutherland, D. S., Zäch, M. and Kasemo, B. 
(2007), Hole–Mask Colloidal Lithography. Adv. Mater., 19, 4297–4302. doi: 10.1002/adma.200700680 
25
 Beck, F. J., Mokkapati, S. and Catchpole, K. R. (2010), Plasmonic light-trapping for Si solar cells using self-
assembled, Ag nanoparticles. Prog. Photovolt: Res. Appl., 18, 500–504. doi: 10.1002/pip.1006 
26
 Shlager, K.L.; Schneider, J.B.; , "A selective survey of the finite-difference time-domain literature ," Antennas and 
Propagation Magazine, IEEE, 37, 39-57 (1995). 
27
 Lumerical Solutions, Inc. http://www.lumerical.com/tcad-products/fdtd/ 
28
 Wang, E.-C.; Mokkapati, S.; Soderstrom, T.; Varlamov, S.; Catchpole, K. R.; , "Effect of Nanoparticle Size 
Distribution on the Performance of Plasmonic Thin-Film Solar Cells: Monodisperse Versus Multidisperse Arrays," 
Photovoltaics, IEEE Journal of , vol. PP, pp.1-4, doi: 10.1109/JPHOTOV.2012.2210195 
29
 Bruno Figeys, Ounsi El Daif,  Exploring the parameter space of disc shaped silver nanoparticles for thin film 
silicon photovoltaics, arXiv:1111.3791 [cond-mat.mes-hall] 
30
 O. El Daif  et.al. Plasmon back side light-scattering for thin crystalline silicon solar cells, poster, Photovoltaic 
Technical Conference 2012, Congress center of Aix-en-Provence, France.  
31
 Ounsi El Daif, Lianming Tong, Bruno Figeys, Kris Van Nieuwenhuysen, Alexander Dmitriev, Pol Van Dorpe, Ivan 
Gordon, Frederic Dross, Front side plasmonic effect on thin silicon epitaxial solar cells, Solar Energy Materials and 
Solar Cells, 104, 58-63 (2012). 
32 S. H. Lim, W. Mar, P. Matheu, D. Derkacs, and E. T. Yu, Photocurrent spectroscopy of optical absorption 
enhancement in silicon photodiodes via scattering from surface plasmon polaritons in gold nanoparticles, J. Appl. 
Phys. 101, 104309 (2007). 
 
 
           Tuesday, March 19, 2013 
   
    Page 18 of 18 
 
                                                                                                                                                                                                                
 
 
  
 
 
 
33
 Maier, Stefan A.; Atwater, Harry A.; , "Plasmonics: Localization and guiding of electromagnetic energy in 
metal/dielectric structures," Journal of Applied Physics , vol.98, no.1, pp.011101-011101-10, Jul 2005 doi: 
10.1063/1.1951057 
 
 
 
34 Jeffrey E. Cotter, Robert B. Hall, Michael G. Mauk and Allen M. Barnett «Light Trapping in Silicon-Film Solar Cells 
with Rear Pigmented Dielectric Reflectors“Prog. Photovolt: Res. Appl. 7, 261-274 (1999) 
